Abstract The present study describes spatial variation of arsenic (As) in groundwater with respect to surface elevation and slope using SRTM data. In total, 34 water samples were collected from shallow aquifers covering all 17 blocks of Ballia district in the pre and post-monsoon season during 2011. Atomic absorption spectrophotometer (AAS) was used for arsenic testing. Inverse Distance Weighted (IDW) model was applied for interpolation of As concentrations. The statistical method was applied to assess the spatial variations amongst the variables. The result showed that the highest arsenic concentrations were found at low surface elevation, slopes and water table. The results also show the inverse relationship among these variables. The relationships between groundwater arsenic, slopes and water table were non-linear. These variables had negative corrections with As in groundwater. The study showed that more than 90 % areas contain arsenic above the permissible limit of 10 ppb in both pre-and post monsoon seasons.
Introduction
Groundwater is one of the most important sources of water supply. Arsenic (As) contamination of groundwater is a major global concerns (Ali et al. 2012b) . Groundwater is being contaminated by As due to various anthropogenic sources (Ghosh and Singh 2009 ). Ground water is getting poisonous due to As contamination and a big chunk of people are dependent of water which has high concentration of As (Rahman et al. 2015a ). Large population in parts of flood plains of Padma and Meghna rivers in Bangladesh (Dhar et al. 1997) , China, Vietnam, Nepal and the Indian plains of Ganges and Ganga-Meghna-Brahmaputra (Tripathi 2008; Kinniburgh and Smedley 2001) are badly affected due to high arsenic concentration in the groundwater (Brammer and Ravenscroft 2009) . The As in groundwater is a big problem in several parts of India and other neighbouring countries (Rahman et al. 2015b ). The state of West Bengal is suffering from arsenic problem for years (Chowdhury et al. 1999) . Lakhimpur and Golaghat districts in Assam had arsenic concentrations above 50.0 lg L -1 (Chakraborti et al. 2004) . The groundwater in North-Eastern states including Bihar has been polluted, which has spread to Ballia, Ghazipur and Varanasi districts in eastern Uttar Pradesh (Ahamed et al. 2006) . Arsenic contamination in groundwater above the permissible limit of 10 ppb (WHO and BIS guidelines) in the flood plains of Bengal, Bihar, Uttar Pradesh and Manipur, etc. (Chakraborti et al. 2002; Chauhan et al. 2012 ) adversely affecting around 1.25 million people in six blocks of Murshidabad district, West Bengal (Samadder 2010) . Shamsudduha and Uddin (2007) examined the spatial and vertical distribution of As contamination and its relationship with surface elevation in alluvial aquifers of the Bengal Basin. The distribution of As in groundwater was found to be directly controlled by topography and high As concentrations were found in low lying deltaic areas where water-tables were low. Shamsudduha et al. (2009) assessed the spatial variation of groundwater As with surface topography and water-table. Another study suggested that finer sediments with As bearing minerals and organic matter might be the cause of high As concentrations in groundwater, which are accumulated due to static groundwater and low surface elevation within low watertable (Shamsudduha et al. 2009; Mukherjee et al. 2007 ). Widespread As problem in the groundwater in Bangladesh has been examined by using geo-statistical and multivariate techniques (Shamsudduha 2004 ). The hydrological control of As concentrations in groundwater in Bangladesh has been studied (Stute et al. 2007 ). The spatial extent and depth range of low As in groundwater across Bangladesh were estimated by mapping the associations of low As concentration in groundwater with topography, water table elevation, surface sediment lithology, geology and screen depth of deep wells in low As zones within the aquifers (Hoque et al. 2011) . Groundwater dynamics and arsenic mobilization has been examined using noble gases and tritium in Bangladesh (Klump et al. 2006) .
Arsenic pollution in the groundwater and its impact on water quality and human health has been studied in the Simav Plain of Turkey (Gunduz et al. 2010) . The effect of As pollution in drinking water in blocks of Murshidabad district, is assessed using GIS technology, revealed that life expectancy at birth and at other age groups was badly affected (Samadder 2010) . GIS technique with a combination of classification tree method is applied to prepare an As contamination risk map for the groundwater As contamination risk prediction (Hossain and Piantanakulchai 2013) . Although the anthropogenic source of As contamination is increasingly becoming important yet much of As problem in Bangladesh and West Bengal is due to aquifer geology (Mahimairaja et al. 2005) .
Arsenic ranging from 0 to 468 ppb and 12 to 20 ppb were reported in groundwater samples of shallow and deep aquifers in Ballia (Chauhan et al. 2009 ) and As concentration, i.e., 73, 47, 15, and 129 ppb in water samples of four hand pumps in Ballia (CSE 2005) . Out of 72 samples from shallow, medium and deep aquifers in Belehari and Bairia blocks of Ballia district 52 samples had As above 50 ppb (Tripathi 2008) which shows the extent and magnitude of As in groundwater in Ballia district. Topography of Ballia district is flat to gentle with seasonal water-table fluctuations. Physiographically the district comes under the central Gangetic plain where topography is flat to gentle undulation due to palaeo-channels. The major landforms in the district are flood plain, younger and older alluvial plain (Tripathi 2008) . Although As has been reported in both older and younger alluvium plains yet high concentrations were reported in younger alluvium plain. Because the younger alluvium is not oxidized in nature; and has organic-rich sand silt and clay, which favour the accumulation of As rich minerals (Acharyya and Shah 2007; Chauhan et al. 2009 ). The younger alluvium plains are restricted all along the river channels of the Ganges River. As bearing pyrite minerals are transported with the fluvial erosion from the Himalayas along with the Ganges River. During the course of time, these minerals get deposited and younger alluvium plains formed. This may be the basic source of As contamination into the groundwater of Ballia district. Small amounts of As enter the soil and water through various biological sources (biogenic) that are rich in As.
Various studies have been carried out on the geochemical aspects of As in different places but no work has been done involving the physical aspect in Ballia district, which is the most affected district of Uttar Pradesh. Based on the above discussion the main aim of the paper is to study the spatial relationship of groundwater As with topography, elevation, slope and water-table in shallow aquifers in preand post monsoon seasons in Ballia district by using the satellite data and GIS technique.
Study area
Ballia district is situated in the eastern-most part of Uttar Pradesh. The district is located between 25°23 00 to 26°11 00 N and 83°38 00 to 84°39 00 E. It has an area of about 2981 km 2 . There are six tehsils in Ballia district viz. Sikanderpur, Ballia (Sadar), Rasra, Belthra, Bairia and Bansdih. There are seventeen blocks viz. Bansdih, Belhari, Bairiya, Chilkahar, Dubhad, Nagra, Rasra, Siar, Navanagar, Pandah, Maniyar, Veruarwari, Revati, Garwar, Sohaon, Hanumanganj, and Murlichapra (Census of India 2001). The district is surrounded by three rivers, the Ghaghara in the north and the Chhoti Saraju and Ganges in the south (Fig. 1 ). There are an interfluves zone of the Ghaghara and the Ganges rivers. The district has sub-humid type of climate conditions. There are three seasons, i.e., cold, hot, and the monsoon seasons (Tripathi 2008) . The mean maximum monthly temperature is 41.7°C during May and minimum is 22.8°C in January. The average rainfall of the district is 983 mm. Agriculture is the main stay of the district's economy. The main source of irrigation is tube wells and canals with Doharighat Lift Irrigation canal is the main canal.
Geologically, Ballia district is a part of central alluvial plain covered with the Ganga alluvium, which is conventionally subdivided into two types of Gangetic alluvium plain. One is older alluvium of Pleistocene age is 2.588-12 million years before from present and second is younger or newer alluvium of Holocene age 11,700 years to present. The surface elevation in the district ranges from 27 to 115 m and in eastern parts of Ballia have higher elevation than the western part. Topographic slope ranges from 0 to 12 % in the district. Groundwater in the district occurs under unconfined and semi-confined conditions. Water table varies from 0.60 to 8.12 m bgl in pre-monsoon and 0.85 to 6.49 m mbgl in post-monsoon period in unconfined condition. The groundwater flow in unconfined condition is from west to east (Tripathi 2008 ).
Material and method Shuttle radar topography mission (SRTM) digital elevation (DEM) dataset
The SRTM-DEM data of 90 m spatial resolution is useful to collect information of height at a particular scale of any part of Earth surface (USGS 2002) . DEM contains elevation information in its each pixel, which is useful for topography mapping. Therefore; SRTM-DEM has been downloaded from Global Land Cover Change Facility (GLCF) using the link http://glcf.umd.edu and this data is converted into raster format to generate slope and aspect. Thereafter, slope and aspect have been derived from SRTM-DEM images of August 2010. As values is overlaid on the slope and topography, to draw the inter relationships. The detailed flow chart of methodology is shown in Fig. 2 .
Groundwater level (water table)
Water table map was prepared both for pre and postmonsoon seasons of 2011 using bore well data taken from the Ballia district water works (Jalnigam) and Central Groundwater Board (CGWB) department. The measurements of water level were also done from open wells using the magnetic tape. Thereafter, water table maps were prepared in GIS environment using inverse distance weightage interpolation (IDW) model.
Water sampling and analysis
Thirty-four water samples from shallow (\25 m) aquifers were collected covering whole Ballia district (Fig. 3) . Premonsoon water samples were collected in April, 2011 and in December, 2011 for post-monsoon. These samples were collected in a 500 mL of polyethylene bottles for As analysis. Before sampling, the hand pumps were flushed with 35-45 L of water and then 1.0 mL of conc. HNO 3 was 
added to 500 mL sample bottles to preserve As and stored in refrigerator. Water samples were filtered through 0.45 lm and stored at 4°C in polyethylene for analyses within 10 days of sample collection. The water samples were analysed by atomic absorption spectrophotometer (AAS). Sodium arsenate (Na 2 HAsO 4 7-H 2 O), hydrochloric acid, nitric acid and the deionised water were used for water analysis. The deionised water was prepared by Millipore purification system. The standards of As of 10, 20, and 50 ppb were prepared to calibrate atomic absorption spectrometers. The linearity curve was plotted with determination of limit of detection. The analyses of arsenic was carried out using five replicates (n = 5).
Water samples were pre-concentrated to achieve the concentration of arsenic under the detection limit of instrument (10 ppb). One liter water sample was evaporated to 50 mL. The quality assurance protocol was adopted as per standard methods and its outcome was measured in terms of precision and accuracy [Methods for Flame and Graphite The results of the statistical analyses of the experimental data such as standard deviation, correlation coefficients and confidence limit were calculated. Good linearity of the calibration graphs and the negligible scatter of experimental points were considered for calculations of correlation coefficients and relative standard deviations. The standard deviation ranged 0.5 to 1.0. The limit of detection was 10.0 ppb. The accuracy ranged 0.1 to 0.3 as relative error (Fig. 4) .
Geo-spatial analysis
Water sampling locations were determined by a portable Garmin GPS (Global Positioning System) with 4-6 m accuracy. The latitude, longitude and altitude were recorded in degrees decimal and imported in excel files using Map Source software. All the coordinates of sampling locations were imported in Arc GIS software. Nonspatial data (As values) were added with spatial data, i.e., point feature shape files. Tested As values of all 34 samples from 17 blocks were interpolated using inverse distance weighted (IDW) model in order to assess the spatial variation of As in the study area. Groundwater elevation data collected from the field survey were used to create water level maps using IDW model (Fig. 2) for both pre-and post-monsoon seasons of 2011. There was evidence of seasonal variation in concentrations of As between pre and post-monsoon seasons (Ali et al. 2012a) .
Two SRTM images were mosaiced using Erdas imagine software to get one image file of DEM and then study area was sub-set. Image enhancement and radiometric correction were done to enhance the image quality for better interpretation and analyses. The district has flat to undulation topography, sinks or depressions in low-lying areas are not associated with water bodies and wetlands in floodplains. By removing negative values (associated with river channels) and artificial topographic sinks from the SRTM data, a more reliable DEM can be generated with the same spatial resolution of 90 m 9 90 m for GIS analysis (Jarvis et al. 2006) . Therefore, in our study these sinks or depressions were filled using the spatial analyst tool of Arc GIS software based on Jarvis et al. (2006) . Topographic slope was derived from DEM using surface analysis of 3D analyst tool, it is seen that Ballia district lies in low-lying floodplains with small variation in slope at the banks of Ghaghara and Ganges rivers.
Statistical analysis
In this paper the descriptive statistical analysis has been done to assess the relationships of groundwater arsenic with surface elevation, slope, and water table. As per BIS and WHO standard, the permissible limit of As in groundwater is 10 ppb. Therefore, tested As values has been categorised into three classes, i.e., \10, 10-15, and [15 ppb. Scatter plots were prepared to determine the relationship among these variables and correlation coefficients has been calculated.
Results and discussion

Surface elevation and groundwater As concentration
Spatial relationship has been drawn between surface elevation derived from DEM and groundwater As level 5, 6 ). The study shows at the higher surface elevation (72-73 m) As is within the permissible limit of 10 ppb but such area is just 6 %, i.e., 175 sq km of the total district. Whereas in 2806 sq km (94 %), i.e., 2367 sq km in pre and 1929 sq km area post monsoon have As [15 ppb where elevation is between 56 to 73 m (Table 1 ). The scatter plots between As and surface elevation shows that the correlation coefficient (r 2 ) values were (0.89) and (0.76) in pre and post-monsoon seasons, respectively (Fig. 10) . This shows that the relationship is non-linear and groundwater As and surface elevation high positive correlation. This means that the surface topography is inversely related with As concentration in the study area. The areas with low surface elevation have high As concentration and areas with relatively high surface elevation have low As concentration. This closely relates with the mean surface elevation of 64.33 and 63.68 m, i.e., 80 and 65 % of the total area have As more than 15 ppb in pre and post-monsoons, respectively (Table 1) .
Topographic slope and groundwater As concentration
Another spatial relationship has been drawn between topographic slope derived from DEM and groundwater As in pre and post-monsoon seasons (Figs. 6, 7) . Arsenic contamination in drinking water and the coincidence of risk areas has been studied in relation with low relief topography (Buschmann et al. 2007) . Slope is directly related with surface elevation, this means low slopes are found where surface elevation is low and vice versa. The relationship between groundwater As and slope in shallow aquifer showed that 2806 sq km area have As above the permissible limit of 10 ppb both in pre and postmonsoon seasons (Table 2) . About 439 and 877 sq km areas come under 10-15 ppb As concentrations in pre and post monsoons, where the mean slope is 1.37 and 1.10 %. The scatter plots showed the correlation coefficients (r 2 ) between As and topographic is (0.73) and (0.68) in pre and post-monsoons, respectively (Fig. 10) . The relationship between As and topographic slope is non-linear suggesting that these two variables have positive correlation. This closely relates with the mean slope of 0.66 and 0.63 %, i.e., 2367 and 1929 sq km area of aquifers was highly contaminated with [15 ppb As concentration (Table 2 ). This means that the slope is inversely related with As distribution. Therefore, aquifers with low concentrations of As was also found in high slope areas and high As values are found in the areas of low slope. 
Water-table and As concentration
The relationship between groundwater As and watertable in Ballia is shown in Figs. 8, 9 . The statistical analysis showed that 175 sq km area had As concentrations within the permissible limit (\10 ppb) which is found in areas where mean water-table is 62.5 and 59.5 feet in pre and post monsoon, respectively (Table 3 ). The correlation coefficients (r 2 ) between As and water-table were 0.84 and 0.80 in pre and post monsoons (Fig. 10) . The scatter plots between As and water-table shows the association of high As with low water-table in the district. About 59 per cent water sample were have As above 50 ppb at the depth of less than 30 m (Chowdhury et al. 1999) . At low horizontal (Table 3 ). Groundwater table map shows that the water level is higher in the north-western part of Ballia district, where surface elevations were also high. This means that the water-table was inversely related with As distribution. Therefore, aquifers with low concentrations of As were also found within high water-table areas where as high As were found in the areas of low water table. Water table is also inversely related to surface elevation; therefore, the areas of low water-table were found where surface elevation is low. In the study area water-tables are fairly low in low lying areas of younger alluvium plains of the Ganga and Ghaghara rivers, where elevations are low. It is observed that the groundwater flow in the aquifers towards the general direction of the Ganga and Ghaghara rivers.
Conclusions
The study showed that groundwater As concentration surface elevation, topography and water table have strong positive correlation the relationship is non-linear and these three are inversely correlated. Therefore, high As values were found in the areas which are relatively flat area. The study showed that high As is, generally, found in areas of low surface elevation, low slopes, and low groundwater levels on a regional-scale in the district. High As values were found in the areas of low about more than 2800 sq km areas have As[15 ppb where the mean slope of 64.33 m in entire district which is a serious concern and due this a large population is getting affected due to As in ground water. It is understood that the As concentration in groundwater is controlled by the regional topography, slope, water table which depends on rainfall and withdrawal.
